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Cryphonectria hypovirus 3-GH2 (CHV3-GH2) is a member of the fungal virus family Hypoviridae that differs from previously
characterized members in having a single large open reading frame with the potential to encode a protein of 326 kDa from
its 9.8-kb genome. The N-terminal portion of the ORF contains sequence motifs that are somewhat similar to papain-like
proteinases identified in other hypoviruses. Translation of the ORF is predicted to release autocatalytically a 32.5-kDa protein.
A defective RNA, predicted to encode a 91.6-kDa protein representing most of the N-terminal proteinase fused to the entire
putative helicase domain, and two satellite RNAs, predicted to encode very small proteins, also are associated with
CHV3-GH2 infected fungal cultures. We performed in vitro translation experiments to examine expression of these RNAs.
Translation of three RT–PCR clones representing different lengths of the amino-terminal portion of the ORF of the genomic
RNA resulted in autocatalytic release of the predicted 32.5-kDa protein. Site-directed mutagenesis was used to map the
processing site between Gly297 and Thr298. In vitro translation of multiple independent cDNA clones of CHV3-GH2-defective
RNA 2 resulted in protein products of ;92 kDa, predicted to be the full-length translation product, 32 kDa, predicted to
represent the N-terminal proteinase, and 60 kDa, predicted to represent the C-terminal two-thirds of the full-length product.
In vitro translation of cDNA clones representing satellite RNA 4 resulted in products of slightly less than 10 kDa, consistent
with the predicted 9.4 kDa product. © 2001 Academic PressINTRODUCTION
Most viruses that cause hypovirulence of the chestnut
blight fungus, Cryphonectria parasitica, belong to the
family Hypoviridae (Hillman et al., 1995; see Nuss 1996
or review). These viruses contain a single genomic dou-
le-stranded (ds) RNA of 9–13 kb with a short poly(A)1
tract on the coding strand and are ancestrally related to
the Potyviridae family of positive-sense RNA plant vi-
ruses (Koonin et al., 1991). Members described to date
belong to the genus Hypovirus and are referred to infor-
mally as hypoviruses. The most recently described hy-
povirus is C. hypovirus 3-GH2 (CHV3-GH2). This virus
differs from previously described hypoviruses in having a
smaller dsRNA genome with one open reading frame
(ORF) instead of two (Smart et al., 1999) and in having
both defective and satellite RNAs associated with infec-
tion (Hillman et al., 2000).
Genome sequence analysis and translational studies
of the two other described hypovirus species have
shown that each contains functional cis-acting protein-
ases. CHV1-EP713 (Shapira et al., 1991b) contains two
1 Present address: Institute for Cellular and Molecular Biology, Uni-
ersity of Texas at Austin, 2500 Speedway, Austin, TX 78712.
2 To whom reprint requests should be addressed at Department of
Plant Pathology, Cook College, Foran Hall, Rutgers University, 59 Dud-
ley Rd., New Brunswick, NJ 08901-8520. Fax: (732) 932-9377. E-mail:
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117related papain-like proteinases, one in each of the two
ORFs present on the 12.7-kb genomic dsRNA (Shapira
and Nuss, 1991). CHV2-NB58 also contains two ORFs,
but only one proteinase, in ORF B (Hillman et al., 1994).
CHV3-GH2 contains only a single long ORF, and its
deduced N-terminal protein product has hallmarks of the
papain-like proteinases of the other two hypovirus spe-
cies. Interestingly, amino acid alignments indicated that
the CHV3-GH2 proteinase is more closely related to the
CHV1 ORF A proteinase than to the long ORF B protein-
ase of either CHV1 or CHV2 (Smart et al., 1999).
Four dsRNAs were identified in infected cultures of
isolate GH2. In addition to the 9.8-kb genomic RNA 1 was
a defective RNA (D-RNA 2) and two satellite RNAs (S-
RNA 3 and S-RNA 4) (Hillman et al., 2000). The 3.6-kb
D-RNA 2 was derived from genomic RNA 1 by two inter-
nal deletion events and in addition diverged consider-
ably from the RNA 1 sequence. Interestingly, the de-
duced ORF of D-RNA 2 has the potential to encode a
fusion protein that includes the N-terminal proteinase
homolog and the C-terminal helicase homolog of the
large ORF in genomic RNA 1.
The satellite RNAs of CHV3-GH2 are ;0.9 kb (S-RNA
4) and 1.9 kb (S-RNA 3). The larger, S-RNA 3, is a tandem
repeat of S-RNA 4 linked by an internal poly(A) tract of
40–70 residues (Hillman et al., 2000). The coding poten-
tial of the dimer S-RNA 3 is essentially the same as for
the monomer S-RNA 4: an ORF with the potential to
0042-6822/01 $35.00
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118 YUAN AND HILLMANencode a 9.4-kDa protein follows a short, 7-nt leader
sequence at the 59 end of the poly(A)-containing RNA
strand and represents the largest ORF on that strand.
This study was performed to examine translation in
vitro of transcripts derived from cDNA clones represent-
ing genomic, defective, and satellite RNAs of CHV3-GH2.
The main objective of the study was to determine
whether the putative proteinase of CHV3-GH2 RNA 1
functions as a cis-acting proteinase in vitro and, if so, to
determine its processing site. We also examined trans-
lation and processing potential of D-RNA 2 and, finally,
whether translation of S-RNA 3 transcripts resulted in the
predicted 9.4-kDa product in vitro.
RESULTS AND DISCUSSION
The N-terminal 32.5-kDa product of CHV3-GH2 RNA 1
is autocatalytically cleaved
Comparison of CHV-3 GH2 ORF amino acid sequence
with CHV-1 EP713 and CHV2-NB58 ORFs suggested the
FIG. 1. Autoproteolysis of CHV3-GH2 RNA 1 ORF. (A) Maps of clones
of CHV3-GH2 RNA 1 used for translation analysis. (B) Proteins synthe-
sized in rabbit reticulocyte lysates in the presence of [35S]methionine
ere separated by SDS–PAGE on a 10% gel and analyzed by fluorog-
aphy. The molecular weights of marker proteins are labeled in kDa.
ane 1: Clone GH2-63/GH2-56; 2: Clone GH2-57.1/GH2-56; 3: Clone
H2-65/GH2-56.presence of a putative proteinase. Computer alignments
of the putative proteinase domain with those identified in mORF A and ORF B of CHV1-EP713, ORF B of CHV2-NB58,
and RNA 1 of Barley yellow mosaic virus (BaYMV), an
ssRNA plant virus, shows it is most similar to the domain
identified in ORF A of EP713 (Smart et al., 1999).
Three clones representing the 59-proximal portion of
the large ORF of CHV3-GH2 were constructed for expres-
sion. Their deduced translation products were predicted
to be 101, 83, and 72 kDa, respectively. Transcription and
translation of each of the three constructs yielded three
products (Fig. 1). In each case, the size of the largest
protein was consistent with the predicted full-length
translation product. The smallest product of all three was
the same size, 32.5 kDa, which is the predicted size of
the processed N-terminal proteinase. The intermediate
products varied in size, and when added to the 32.5-kDa
product, the sums were consistent with the predicted
size of the full-length translation products. Combined
with the amino acid alignment data, these data support
the prediction that the N-terminal portion of the ORF is a
cis-acting proteinase.
Repeated attempts to inhibit proteinase processing by
Zn21 and N-ethylmaleimide (NEM) at early stages of
ranslation failed to produce a full-length polypeptide,
uggesting that processing is rapid. In time-course stud-
es, the proteinase appeared before the full-length prod-
ct was observed (Fig. 2), demonstrating that processing
s very rapid and probably cotranslational, similar to
hose proteinases found in other hypoviruses (Choi et al.,
991b; Hillman et al., 1994).
The presence of a functional proteinase in the GH2
viral genome is further supported by partial genome
sequencing of a dsRNA virus in another Michigan hypo-
virulent isolate of C. parasitica, EP90 (Anagnostakis,
1978). The dsRNA of EP90 is similar to CHV3-GH2 based
on gel electrophoresis profile and Northern blot hybrid-
ization, although it contains no discernible defective RNA
(Hillman et al., unpublished results). Although EP90 mor-
FIG. 2. Time-course study of CHV3-GH2 ORF in vitro translation.
Aliquots of in vitro translation reactions of clone GH2-57.1/GH2-56 were
taken at different time points, and puromycin and ZnCl2 were added to
final concentrations of 200 and 2 mM, respectively. C, control reaction
without addition of puromycin or ZnCl2. The molecular weights of
arker proteins are labeled in kDa.
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119TRANSLATIONAL ANALYSIS OF CHV3-GH2 RNAsphology differs considerably from isolate GH2, sequenc-
ing of its dsRNA genome reveals the presence of the
proteinase domain identified in CHV3-GH2 (Fig. 3).
It is likely that there are other proteolytic processing
events that cleave the large polypeptide encoded by
hypoviruses into smaller proteins. Indeed, smaller pro-
teins that may represent portions of the large polypep-
tide of CHV1 have been noted (Fahima et al., 1994).
Despite considerable effort, however, specific process-
ing events and cleavage sites have not yet been identi-
fied (Chen et al., 2000; D. L. Nuss, personal communica-
tion).
Determination of the proteinase processing site
of CHV3-GH2 RNA1 by site mutagenesis
Choi et al. (1991a) suggested that the CHV1-EP713
proteinase p29 is a homolog of the papain-like protein-
ase HC-Pro in the plant-infecting potyvirus Tobacco etch
virus (TEV) (Oh and Carrington, 1989). Site-directed mu-
tagenesis identified Cys649 and His722 of HC-Pro as es-
ential residues for proteolytic activity (Oh and Car-
ington, 1989). These two essential residues are present
t similar positions in the CHV3-GH2 proteinase (Fig. 3),
nd the amino acid sequence surrounding these resi-
ues shows extensive similarity to those of CHV1-EP713
RF A and TEV HC-Pro (Smart et al., 1999; data not
hown). All these features suggest that CHV3-GH2 is
lso a member of the papain-like proteinase family. A
otable difference between the CHV3-GH2 protease and
hose of EP713 ORF A and TEV is that the dipeptide
leavage site in the latter proteinases is Gly–Gly. The
redicted cleavage site of CHV3-GH2 proteinase in the
ost favorable alignment with CHV1-EP713 p29 lies be-
ween Gly297 and Thr298 (Smart et al., 1999), but two other
FIG. 3. Alignment of the core proteinase domains of two sequence v
virus from isolate EP90 (Anagnostakis, 1978), and CHV3-GH2 D-RNA 2.
arrow points out the putative cleavage site. Single line boxes represereasonable processing sites lie in proximity: between
Gly299 and Ser300, and between Gly305 and Thr306 (Fig. 4A).Site-directed mutagenesis was first done to alter each of
these three Gly residues to Ala or Arg. Even drastic
mutation of Gly305 to Arg did not affect proteinase pro-
essing (Fig. 4B, lane 8). Mutation of Gly299 to Arg signif-
cantly decreased processing (lane 7). However, when
ly299 was mutated less drastically to Ala, processing
was similar to wild type (lane 6). Only mutation of Gly297
completely abolished processing (lane 2 and 3), support-
ing the absolute requirement of a Gly residue at position
297. These results strongly suggest that cleavage occurs
between Gly297 and Thr298. Cleavage between Gly and Thr
of CHV3-GH3 (Smart et al., 1999), the homologous region of a related
tative catalytic Cys and His residues are boxed with double lines. The
gent residues.
FIG. 4. Determination of processing site in autoproteolysis of CHV3-
GH2 ORF. Clone GH2-63/GH2-56 was used in this study as the wild-
type construct for all site-mutagenesis. (A) Sequence around putative
cleavage site. The arrow points out the putative cleavage site. (B)
Translations and resulting fluorograms of wild-type GH2-63/GH2-56ariantsand the seven mutants discussed in the text. The molecular weights of
marker proteins are labeled in kDa.
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120 YUAN AND HILLMANis unusual for cysteine proteases (Dougherty and Sem-
ler, 1993), although a similar dipeptide, Ala–Thr is the
cleavage site for Turnip yellow mosaic virus (TYMV) pro-
ease (Bransom et al., 1996). We mutated the Thr298 to Gly
(lane 4) or Arg (lane 5) separately, and found that a
Gly–Gly dipeptide can be tolerated in this protease, al-
though its processing efficiency is lower than the wild
type. Mutation of Thr298 to Arg disrupted processing (lane
5), which agrees with the prediction of the cleavage site.
In vitro expression of CHV3-GH2-defective RNA
Examination of the CHV3-GH2-defective RNA 2 se-
quence revealed a potential ORF of 92 kDa that repre-
sented a fusion of the putative proteinase and helicase
domains of RNA 1 (Hillman et al., 2000). To examine
hether the product of this ORF was processed in a
ashion similar to the RNA 1 proteinase, the entire RNA 2
RF was amplified by PCR and cloned into the vector
TLSN.3. More than half of the individual clones resulted
n expression of a full-length translation product of 92
Da, together with two processed peptides, when ana-
yzed by in vitro translation in reticulocyte lysates (Fig. 5).
lthough a number of other mutations were observed in
he ORF of defective RNA 2 (Hillman et al., 2000; Fig. 3),
he putative N-terminal proteinase domain is retained.
ys and His residues predicted to be required for pro-
eolysis are retained in the defective RNA 2 ORF. Amino
cid residues immediately adjacent to Gly297 and Thr298
are identical in the deduced RNA 1 and RNA 2 ORFs, but
there are differences at positions adjacent the other
nearby Gly residues, further supporting scission be-
tween Gly297 and Thr298.
Nearly half the clones of D-RNA 2 (4 of 9 examined)
howed an abnormal translation pattern. One clone did
ot produce any translation product (Clone 3), while
FIG. 5. In vitro translation of individual clones of CHV3-GH2 D-RNA 2.
Proteins synthesized in rabbit reticulocyte lysates in the presence of
[35S]methionine were separated by SDS–PAGE on a 10% gel (A) and
8% gel (B). Lanes 1–9 represent individual RT–PCR clones of defective
NA ORF in CHV3-GH2. (C) In vitro translation reactions of clone
H2-63/GH2-56. The molecular weights of marker proteins are labeled
n kDa.nother (Clone 6) produced the full-length protein (92
Da) with no processed peptides. Two other clones
r
sClones 8 and 9) resulted in only small translation prod-
cts, suggesting premature termination of translation.
NA sequencing indicated these abnormal expression
atterns are either from an early frameshift deletion,
ssentially eliminating the ORF (Clone 3), from a non-
ense mutation (Clones 8 and 9), or from a drastic mu-
ation (Leu to Pro) near the conserved His262 (Clone 6).
ach of the four mutations was in a different location.
his diverse expression pattern is unlikely the result of
CR-introduced mutation, as similar results were not
bserved in similar experiments with RNA 1 or RNA 4.
ather, it is more likely an indication of sequence diver-
ity in defective RNAs. Hillman et al. (2000) observed that
he CHV3-GH2-defective RNA 2 population was more
table in size than defective RNAs of CHV1-EP713 (Sha-
ira et al., 1991a) but that its sequence, particularly in the
deduced ORF, diverged considerably from that of CHV3-
GH2 RNA 1. Results of translation and sequencing of
independent clones of CHV3-GH2-defective RNA 2 sup-
port the contention that this RNA is evolving with fewer
constraints than its genomic counterpart.
Many defective RNAs, such as Poliovirus (Collis et al.,
1992), Mouse hepatitis virus (MHV) (de Groot et al., 1992;
an der Most et al., 1995), and Clover yellow mosaic virus
CYMV) (White et al., 1991, 1992), contain translatable
RFs. Mutant defective RNAs containing truncated ORFs
r with ATG codons removed were found to have a
estored full-length ORF after passages, presumably
hrough recombination with the helper virus (Kim et al.,
993). However, it is the translatability of defective RNA,
ather than the specific viral gene product(s) from the
RF, that is crucial for the replication of defective RNA
van der Most et al., 1995). Defective RNAs with longer
RFs show advantage over those with shorter ORFs (Kim
t al., 1993). All these data suggest that translation may
e a prerequisite or at least provide a selective advan-
age to replication of defective RNA (Penzes et al., 1996).
n either case, translation is likely coupled to the repli-
ation of defective RNA. The biological significance of
he observation that the proteinase is functional in the
RF of D-RNA 2 is unknown. Considering the high se-
uence diversity among CHV3-GH2-defective RNAs, it
eems unlikely that the proteinases encoded by these
efective RNAs play an essential role in the virus life
ycle. Rather, it may be the translation, not the function of
he ORF in the defective RNAs, that is beneficial to the
eplication of defective RNAs.
Two possible mechanisms have been postulated to
xplain the relationship between translation and replica-
ion (Liao and Lai, 1995). One is that binding and sliding
f ribosomes along the defective RNA molecules in-
reases the stability of RNA or removes RNA secondary
tructures so that the replication efficiency increases.
he longer the ORF on the defective RNA, the longeribosomes and translation factors stay with the RNA. The
econd mechanism theorizes that proteins from the
121TRANSLATIONAL ANALYSIS OF CHV3-GH2 RNAstranslational machinery may stay bound to defective
RNA after RNA replication and facilitate viral RNA pack-
aging and uncoating in the next round of infection. We
have demonstrated the translatability of the ORF in
CHV3-GH2-defective RNA. It is likely this ORF also helps
the replication of the defective RNA. No structural pro-
teins are thought to be associated with hypovirus
dsRNA-containing vesicles (Hansen et al., 1986; Hillman
et al., 1995), and details on dsRNA packaging and un-
coating are unknown.
D-RNA 2 in CHV3-GH2 was the first defective RNA
identified in a hypovirus (Tartaglia et al., 1986) and is thus
far the only one in which a significant ORF has been
confirmed (Hillman et al., 2000). In hypovirus CHV1-
EP713, there are two kinds of defective RNA species: the
8- to 10-kb M-RNAs and the 0.6- to 1.7-kb S-dsRNA. It has
been shown the smallest of the defective RNAs (;600–
700 nt) represent internally deleted mutants of genomic
RNA. No large ORF has been found in these small de-
fective RNAs (Shapira et al., 1991a). Results from PCR
mapping and molecular hybridization analyses indicated
that the 8- to 10-kb M-dsRNAs are also internally deleted
forms of genomic RNA. Moreover, it was shown that
;3.5 kb of each terminus appears to be conserved
intact. It would be presumed that these M-dsRNAs result
in translation of multiple polypeptides similar to those
specified by the CHV1-EP713 genome, but neither this
nor the extent of variation in the M-dsRNA population
have been reported.
In vitro expression of CHV3-GH2 satellite RNA
Several small ORFs were found in CHV3-GH2 S-RNA 4,
the largest predicted to encode a product or 9.4 kDa
(Hillman et al., 2000). To examine expression in vitro, two
clones of S-RNA 4 in the pTLSN.3 expression vector
were translated as described previously (Fig. 6). Both
clones resulted in translation of a small protein of 9–10
kDa, consistent with the predicted 9.4-kDa product. The
9.4-kDa translation product was consistently poorly re-
solved in repeated translation experiments, whether sep-
FIG. 6. In vitro translation of two cDNA clones of S-RNA 4 of CHV3-
GH2. Proteins synthesized in rabbit reticulocyte lysates in the presence
of [35S]methionine, separated by SDS–PAGE on an 18% gel. The mo-
lecular weights of marker proteins are labeled in kDa.arated on 15, 18, or 21% gels. Many small satellite RNAs
of plant viruses contain potential short ORFs (Roossincket al., 1992), and in a few cases, protein products of these
potential ORFs have been detected in vitro (Avila-Rincon
et al., 1986). However, the preponderance of evidence
argues against a role for these ORFs in vivo. Neither
mutagenesis of the 59-proximal initiation codon in an
infectious clone of the D-sat RNA (Collmer and Kaper,
1988) nor a frameshift mutation of the ORFs of Y-sat RNA
(Masuta and Takanami, 1989) altered the biological ac-
tivity of cucumovirus satellite RNAs. The ORF contained
within the larger, 1.4-kb satellite RNA of the nepovirus
Tomato black ring virus (TBRV) has been shown to be
translatable (Fritsch et al., 1978) and important in satellite
replication (Hemmer et al., 1993). The 20-kDa protein
specified by the 836 nt Bamboo mosaic virus (BaMV)
satellite RNA, which is close in size to S-RNA 4 of
CHV3-GH2, is dispensable for replication (Lin et al.,
1996). Expression in vivo of the small ORF of S-RNA 4
and its potential role in the biology of the virus or in
satellite replication remain unknown.
The ORFA proteinase p29 of CHV1-EP713 is sufficient
to confer some hypovirulence-associated traits, such as
suppressed conidiation, reduced pigmentation, and re-
duced laccase accumulation (Choi and Nuss, 1992; Cra-
ven et al., 1993), and residues important to its biology
have been examined in detail (Suzuki et al., 1999). The
demonstration here that p32 of CHV3-GH2 contains a
functional proteinase that is homologous to p29 of CHV1-
EP713, coupled with the observations that CHV3-GH2
does not substantially reduce conidiation or pigmenta-
tion in the fungal host (Smart et al., 1999) is consistent
with the observations of Suzuki et al. (1999) that specific
residues are critically important to the phenotypes con-
ferred by these proteins.
MATERIALS AND METHODS
Fungal strains, culture, dsRNA extraction
C. parasitica isolate GH2 was collected from a non-
lethal canker on an American chestnut tree in Grand
Haven, MI (Fulbright et al., 1983), and was maintained as
described previously (Smart et al., 1999). Methods for
fungal culture, dsRNA extraction, and analysis have been
described (Hillman et al., 1990, 1992).
cDNA cloning of viral genomes
General methods used were as described in Sam-
brook et al. (1989). Cloning and sequencing of CHV3-
GH2 genomic RNA, defective RNA, and satellite RNA
were described previously (Smart et al., 1999; Hillman et
al., 2000). Separation and purification of GH2 genomic
RNA, defective RNA, and satellite RNA was by agarose
gel electrophoresis and RNaid purification (Bio 101).
Complementary DNA fragments covering ORFs of defec-
tive RNA and satellite RNA as well as different portions of
the large ORF in genomic RNA were all generated by
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122 YUAN AND HILLMANRT–PCR from the first-strand cDNA reactions. ORFs or
portions of ORFs were cloned into the vector pTLSN.3,
which contains the 59-leader sequence of TEV for high-
level expression (Carrington and Freed, 1990). Multiple
clones of all fragments were used in transcription/trans-
lation reactions. Each clone was sequenced in an ABI
Model 373A automatic sequencer using reagents and
protocols from Perkin–Elmer to confirm that no PCR-
generated mutations were introduced.
Cell-free transcription, translation, and processing
Cell-free translation transcription/translation experi-
ments were conducted by incorporation of [35S]methi-
onine using rabbit reticulocyte lysate, essentially as rec-
ommended by the manufacturer (Promega). Translation
and processing products were analyzed by SDS–PAGE
(Laemmli, 1970) and autoradiography. For time-course
studies, clone GH2-57.1/GH2-56 was used as translation
template. Reactions (25 ml) were incubated at 30°C for
0 min. Aliquots (5 ml) were taken at time 0, 8, 12.5, 18,
nd 30 min. Translation in aliquots was then inhibited by
ddition of puromycin to a final concentration of 200 mM.
rotease inhibitors, N-ethylmaleimide (NEM) or ZnCl2,
ere subsequently added to the aliquoted reaction to a
inal concentration of 10 and 2 mM, respectively. All
liquots were incubated at 30°C for further 90 min. Two-
icroliter reaction of each aliquot was added to 4 vol of
[mult] SDS sample buffer (Sambrook, et al., 1989) and
oaded onto 10% SDS–PAGE gels. The SDS–PAGE gels
ere dried and analyzed by fluorography.
ite-directed mutagenesis
Seven different point mutations were introduced into
otential protease processing sites. Oligonucleotide-di-
ected mutagenesis was conducted by the procedure of
o et al. (1989). PCR amplification was carried out using
aq polymerase as specified by the manufacturer (Life
echnologies, Inc.). Amplification of DNA fragments from
he template plasmid GH2-63/GH2-56 was achieved by
dding 100 ng template DNA; 50 mM KCl; 10 mM Tris–
Cl, pH 8.3; 1.5 mM MgCl2; 0.01% (w/v) gelatin; 200 mM
ach of dNTP; 1 mM of each primer; and 1.25 units of Taq
olymerase in a final volume of 50 ml. The reaction was
ubjected to 25 cycles of denaturation (1min, 92°C) an-
ealing (1.5 min, 50°C), and extension (1.5 min, 72°C)
sing a DNA thermal cycler (Biometra Inc.). The first-
ound PCR fragments were run on agarose gels and
urified by Gene-Clean glassmilk (Bio101 Co.). Ten nano-
rams of each of the two PCR fragments were mixed and
sed as templates for second-round PCR. The reaction
onditions used for the fusion of the two first-round PCR
ragments were identical to those in first-round PCR
eaction. Using the restriction sites introduced in the two
istal primers, the mutated PCR fragments were cloned
ack to the template plasmid.ligonucleotide primers
Oligonucleotide primers for PCR, sequencing, and mu-
agenesis were synthesized by the DNA synthesis facility
f the University of Medicine and Dentistry of New Jer-
ey, or by Life Technologies, Inc. Sequences of the prim-
rs used in this study are available upon request.
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